a laser a t a very high r a t e and t o phase-lock i t t o a r e f e r e n c e o s c i l l a t o r .
Tuning is achieved by a p p l y i n g a n e l e c t r o n i c ( S t a r k ) f i e l d t o the molecules i n an o p t i c a l l y pumped FIR laser. Since s u c h l a s e r s o p e r a t e on r o t a t i o n a l -v i b r a t i o n a l transitions of molecules, they exhibit either first-or second-order Stark effects which result in an effective broadening of t h e m o l e c u l a r t r a n s i t i o n . T h i s i n t r oduces a change i n t h e c a v i t y p u l l i n g , which i s present i n any laser i n which the cavity resonant frequency is o f f s e t from t h e m o l e c u l a r t r a n s i t i o n .
Using a CH3F l a s e r a t a frequency of 604 GHz (496 pm), we have observed (by d i r e c t measurements with a metal-insulator-metal diode) a maximum s t a t i c e l e c t r o n i c t u n i n g of 500 kHz with a maximum s e n s i t i v i t y of 5 kHz/(V/cm). The tuning rate should be limited only by t h e l i f e t i m e o f t h e p h o t o n s i n t h e l a s e r c a v i t y . W e have observed frequency modulation
rates of 300 kHz and a modulation index greater than one has been obtained at a modulation rate of 50 kHz.
W e r e p o r t t h e a b i l i t y t o p h a s e l o c k s u c h a tunable FIR laser t o a reference laser a t an offset frequency of t h e o r d e r of 500kHz. This was achieved by using the Stark-tuning method t o c o r r e c t for fast frequency fluct u a t i o n s , up to approximately 20 kHz, and a piezoe l e c t r i c t u n e r (PZT) t o s l o w l y c o r r e c t f o r c h a n g e s i n t h e laser cavity length.
The tuning and phase-lock methods reported here are needed f o r s e v e r a l i m p o r t a n t a p p l i c a t i o n s , f o r example: infrared frequency synthesis, generation of time from infrared (and higher) frequency standards, d i r e c t i o n a l and synthesized infrared communications, and FM LIDAR.
Experimental Description
A schematic diagram of the experimental setup is shown i n F i g u r e 1. A C o p lrser and amplifying tube provide the pump beams, a t a wavelength of approximately 10 pm, n e c e s s a r y t o e x c i t e a p a r t i c u l a r v i b r at i o n a l l e v e l of the molecules in FIR l a s e r s I and 11. One laser, FIR-I, serves as a reference laser. Ametalinsulator-metal diode with a 50 pm diameter tungsten whisker and a polished nickel post is used for heterodyning the two F I R frequencies. More d e t a i l s a b o u t the setup can be found i n Ref.
1.
*Visiting Fellow 1976-77, on leave from Astronomical I n s t i t u t e , U t r e c h t , The Netherlands.
The FIR-I1 laser c o n s i s t s of a glass tube, 1.04 m long and 32 m internal diameter.
Two lengths of copper tape are attached over the total length of the tube t o 8erve as t h e i n t e r n a l S t a r k e l e c t r o d e s .
Both ends of the tube are closed by f l a t , m e t a l m i r r o r s , of which one is movable i n two d i f f e r e n t ways: A PZT i s used f o r f i n e movements ( 4 pm maximum), while a micrometer drive provides the coarse motion.
A block diagram of the phase-lock loop system is shown i n F i g u r e 2. The two FIR l a s e r s produce a beat frequency on t h e o r d e r of several hundred kilohertz in the metal-insulator-metal diode detector. After amplif i c a t i o n and f i l t e r i n g t h i s b e a t n o t e is f e d i n t o a double-balanced mixer, where i t is compared t o t h e frequency of a synthesizer. The phase-lock loop tunes t h e FIR-I1 laser so that the heterodyne signal between t h e two lasers and the reference signal from t h e synthesizer are in approximate phase quadrature. This i s accomplished i n two d i f f e r e n t ways: Fast tuning is achieved by amplifying and filtering the detected phase-difference signal and then feeding it t o t h e Stark electrodes.
The a t t a c k time i n t h i s feed-back loop is approxfmately 10 W. Slow tuning, over a larger range, is mainly necessary to compensate for length changes of the FIR-I1 laser cavity due to temperature changes.
This tuning i s achieved by feeding the detected phase-difference signal through an i n t eg r a t i n g a m p l i f i e r and applying i t t o t h e PZT-tuning element of t h e FIR-I1 l a s e r . Unwanted i n t e r a c t i o n s between t h e two feedback loops are not present because of t h e l a r g e d i f f e r e n c e i n speed (lo4) of the two mechanisms. The present system stays in a phase-locked condition for about 15 minutes. This time is mainly l i m i t e d by t h e f r e q u e n c y i n s t a b i l i t y of t h e CO2-pump laser and t h e m e c h a n i c a l i n s t a b i l i t y of the diode, rather than by t h e dynamic range of the phase-lock l o o p i t s e l f .
Measurements
A l l measurements a r e preceded by mechanically tuning the FIR-I1 laser t o a dominant l o n g i t u d i n a l mode. In Figure 3 , we show the output power v a r i a t i o n as a function of cavity length for the Stark tunable laser. The t w o main maxima occur a t a cavity length difference of 248 um, half the wavelength of the 496 um t r a n s i t i o n i n CH3F. The r e l a t i v e l y c l e a n mode spectrum of t h i s laser avoids the otherwise annoying t r o u b l e s d u e t o mode i n t e r f e r e n c e .
The n e x t s t e p is t o f i r s t detune the cavity s l i g h t l y from t h e t r a n s i t i o n l i n e c e n t e r and then apply a dc voltage of about 400 V t o t h e S t a r k electrodes. This is done while t h e FIR-I laser remains tuned to i t s line center, allowing one to monitor the frequency changes of FIR-I1
by direct heterodyning in a frequency region of the order of 500 W I Z . The i n it i a l cavity detuning produces a f r e q u e n c y s h i f t of
t o 600 kHz i n t h e F I R -I 1 l a s e r , w h i l e t h e a d d i t i o n a l amount of e l e c t r o n i c t u n i n g , w h i c h i s p r o p o r t i o n a l t o t h e i n i t i a l c a v i t y d e t u n i n g , h a s a maximum s e n s i t i v i t y of 5 kHz/(V/cm). Associated with the frequency change n i t u d e o f O.OI/ (v/cm). 1
t h e r e may b e an amplitude change with a relative magThe a p p l i c a t i o n of a n a l t e r n a t i n g f i e l d , s u p e r - 
O b s e r v a t i o n o f t h e b e a t n o t e b e t w e e n the two FIR lasers i n d i c a t e s t h a t t h e 3 dB l i n e w i d t h o f t h e unlocked lasers i s a few kHz. A t y p i c a l s p e c t r u m i s shown i n F i g u r e 5a. I n o r d e r t o p h a s e l o c k s u c h o s c i ll a t o r s i t i s n e c e s s a r y t h a t a l l t h e a m p l i f i e r s and f i l t e r s i n t h e l o o p b e b r o a d b a n d compared t o t h e f r e er u n n i n g l i n e w i d t h . When t h e p h a s e -l o c k l o o p i s o p e r a t i n g , t h e l i n e w i d t h o f t h e b e a t n o t e d e c r e a s e s d r a m a t i c a l l y as can be seen
i n F i g u r e 5b. I f a s t a b l e r e f e r e n c e were s u b s t i t u t e d f o r t h e FIR-I l a s e r , t h e n t h i s c h a n g e would r e p r e s e n t a p r o p o r t i o n a l increase i n s t a b i l i t y o f t h e t u n a b l e laser.
The most important parameter describing the phasel o c k l o o p i s i t s a t t a c k time, i . e . , t h e i n v e r s e o f t h e u n i t y g a i n a n g u l a r f r e q u e n c y .
It can be measured by phase modulating the synthesizer which generates the f r e q u e n c y o f f s e t b e t w e e n t h e t w o lasers. When the frequency of this phase modulation i s small compared t o t h e u n i t y g a i n f r e q u e n c y , c o h e r e n t m o d u l a t i o n s i d ebands of constant amplitude are i m p r e s s e d o n t h e t u n a b l e laser. However, when t h e m o d u l a t i o n f r e q u e n c y i s l a r g e compared t o t h e u n i t y g a i n f r e q u e n c y , t h e t u n a b l e laser c a n ' t f o l l o w t h e p h a s e m o d u l a t i o n o f t h e r e f e r e n c e .
W e o b s e r v e t h i s phenomenon i n b o t h t h e s p e c t r u m o f t h e beat between the two lasers and t h e s p e c t r u m o f t h e c o n t r o l v o l t a g e t o t h e t u n a b l e
laser. Our b e s t estimate o f t h e u n i t y g a i n f r e q u e n c y i s l 8 kHz which corr e s p o n d s t o a n a t t a c k time of approximately 10 US.
I n o r d e r t o a n a l y z e t h e o p e r a t i o n o f t h e s e r v o system i t i s u s e f u l t o examine t h e s p e c t r u m of t h e f e e d b a c k v o l t a g e t o t h e S t a r k t u n i n g e l e c t r o d e s .
An example of such a spectrum i s shown i n F i g u r e 6 . The primary value of this measurement is
t o d e t e c t i n s t a b il i t i e s i n t h e l o o p which show up a s p e a k s i n t h e s p e ctrum. The loop i s o b s e r v e d t o , b e s t a b l e , b u t b e g i n s t o o s c i l l a t e when t h e g a i n i s indreased by 10 dB. It is a l s o 7 9 s s i b l e t o u s e t h e s p e c t r u m o f t h e f e e d b a c k v o l ta g e t o d e t e r m i n e

S+(€) f o r t h e p a i r o f o s c i l l a t o r s . T h i s i s d i s c u s s e d i n more d e t a i l i n t h e n e x t s e c t i o n .
When t h e S t a r k t u n e r i s o p e r a t i n g a l o n e , t h e dynamic r a n g e o f t h e l o o p i s very limited. For example,
. This dynamic range i s i n s u f f i c i e n t t o c o n t r o l t h e s l o w f r equency changes i n t h e FIR lasers which w e surmise are due to temperature changes.
The i n c l u s i o n o f t h e PZT tuner, which can move one end m i r r o r 5 2 um, r e s u l t s i n an order of magnitude improvement i n t h e dynamic range.
I n t e r p r e t a t i o n W e s e l e c t e d the 496 um (604 GHz) laser t r a n s i
n a l t r a n s i t i o n i n t o several components, each w i t h a known f r e q u e n c y s h i f t p r o p o r t i o n a l t o t h e f i e l d s t r e n g t h .
From t h e known l i n e w i d t h of t h e i n d i v i d u a l components one can show1V2 t h a t t h e n e t e f f e c t of t h e S t a r k f i e l d i s a n o v e r a l l b r o a d e n i n g o f t h e l i n e of approximately 30 kHz/(V/cm).
The t u n i n g of t h e laser frequency is produced by t h i s b r o a d e n i n g v i a t h e e f f e c t o f " c a v i t y p~l l i n g . "~ The a c t u a l laser frequency, v, i s determined by:
where vc i s t h e r e s o n a n t f r e q u e n c y o f t h e empty laser c a v i t y a n d Avc i t s f u l l width, v, is the frequency of t h e m o l e c u l a r t r a n s i t i o n and AV, i t s f u l l w i d t h . I t is clear f r o m t h i s e q u a t i o n t h a t a n o f f s e t b e t w e e n vc and vm produces a s t a t i c f r e q u e n c y s h i f t of t h e laser f r e q u e n c y t o w a r d s t h e c a v i t y l i n e c e n t e r .
The amount of s h i f t d e p e n d s on t h e c a v i t y o f f s e t i t s e l f , a s
well as the magnitudes of AV, and Avm. The very l a s t dependence i s used i n o u r e x p e r i m e n t s . D i f f e r e n t i a t i o n of t h e p u l l i n g e q u a t i o n w i t h res p e c t t o t h e a p p l i e d f i e l d E y i e l d s :
.
The s h i f t is t h u s p r o p o r t i o n a l t o t h e i n i t i a l o f f s e t of t h e c a v i t y f r o m l i n e c e n t e r and t h e p r o p o r t i o n a l i t y f a c t o r c a n b e c a l c u l a t e d f r o m known q u a n t i t i e s . W e f i n d i n o u r case a maximum value of 5 kHz/(V/cm), in good agreement with measured values.
The o p e r a t i o n of the phase-lock loop, described e a r l i e r , i s b e s t u n d e r s t o o d i n
terms of the open-loop t r a n s f e r f u n c t i o n G e q ( j w ) . 4 L e t u s c a l l t h e open-loop p h a s e f l u c t u a t i o n s of t h e two lasers $1 and $11, res p e c t i v e l y , Then t h e c l o s e d -l o o p p h a s e f l u c t u a t i o n s between the two l a s e r s , A $ , is
w h e r e t h e f r e q u e n c y s y n t h e s i z e r i s assumed to have n e g l i g i b l e p h a s e f l u c t u a t i o n s .
The open-loop transfer f u n c t i o n i s t h e p r o d u c t of t h e t u n i n g r a t e of theFIR-11 laser, t h e s e n s i t i v i t i e s of t h e M I M diode and the double balanced mixer, the gain of a m p l i f i e r s G1 and C>, and t h e low p a s s t r a n s f e r f u n c t i o n s F1, F? and Fj. The asympt o t i c form i s shown i n F i g u r e 7 . The b r e a k p o i n t a t f : 
